Background. The airway epithelium is the first barrier interacting with Aspergillus fumigatus conidia after their inhalation, suggesting that this structure functions as point of entry of this fungus to initiate pulmonary aspergillosis.
Aspergillus fumigatus is a ubiquitous thermotolerant saprotrophic mold that propagates through asexual spores named conidia. Humans inhale hundreds of conidia per day [1] , which can lead to deadly invasive pulmonary aspergillosis in immunocompromised hosts [2, 3] . The very small size of conidia of A fumigatus (eg, 2-to 3-µm diameter) allows their entry up to the lung alveoli [2, 4] . In the immunocompetent host, most of the conidia are removed from the lung by ciliary beating, or they are destroyed by the alveolar macrophages, the first line of phagocytic defense against these invaders, and also by neutrophils [5] [6] [7] [8] . Histopathological surveys of experimental animal infections suggested that penetration into the lung epithelium is not restricted to the deeper alveolar level, but that A fumigatus germ tubes can also cross the epithelium of the upper respiratory tract [9] . However, putative colonization of the epithelial barrier by A fumigatus has been poorly investigated [10] . To date, it has been repeatedly demonstrated that conidia can be internalized by epithelial cells, and it was suggested (but never demonstrated) that infection occurs after germination of the internalized conidia [11] [12] [13] . However, most of these in vitro studies have been performed using cell lines, and no experiments have been undertaken using human reconstituted respiratory epithelia. Moreover, the capacity of hyphae to directly cross the epithelial barrier has not been investigated.
In the current study, we demonstrate that A fumigatus hyphae can cross a reconstituted human bronchial epithelium. This passage is accompanied by the accumulation of actin that formed a tunnel around the hyphae and allowed the fungus to penetrate the human bronchial epithelium without disturbing its integrity. These results shed light on a new way for the opportunistic human fungal pathogen A fumigatus to establish a pulmonary infection.
in glucose-rich Dulbecco's modified Eagle's medium ( [DMEM] Life Technologies, Cergy Pontoise, France), containing 1 mg/ mL type IV pronase (Sigma, Saint-Quentin-Fallavier, France), 100 units/mL penicillin, 0.1 mg/mL streptomycin, 50 mg/ mL gentamicin, and 5 mg/mL amphotericin B (all from Life Technologies), 50 mg/mL vancomycin (Eli Lilly, Saint-Cloud, France), 10 mg/mL ceftazidime (Glaxo Wellcome, Marly le Roi, France), Mycokill AB, diluted according to the manufacturer's protocol (PAA Laboratories, Les Mureaux, France), and 10% of fetal calf serum ([FCS] Life Technologies). The HBECs were cultured in bronchial epithelial growth medium (BEGM). A total of 3 × 10 3 cells were seeded into 12-well Transwell inserts (pore size, 0.4 μm; Corning, Boulogne-Billancourt, France), previously coated with type IV collagen from human placenta (Sigma). Cells were submerged in 0.5 mL BEGM at the apical surface, and 1 mL medium was added to the basal compartment and they were incubated at 37°C with 5% CO 2 . Media was replaced every second day until a confluent cell monolayer was obtained. Medium was then removed from the apical compartment to bring the culture to air-liquid interface (ALI) during at least 4 weeks. Basal medium was replaced with 50:50 mixture of BEGM/DMEM supplemented with 10 −7 M retinoic acid, 100 units/mL penicillin, 0.1 mg/mL streptomycin, 1.5 µg/mL bovine serum albumin (BSA), insulin, transferrin, hydrocortisone, epinephrine, bovine pituitary extract, triiodothyronine, and human epidermal growth factor (BEGM SingleQuots, 1:1000) according to manufacturer's instructions (Lonza LTD, Basel, Switzerland). Culture in ALI for 4 weeks allowed epithelium mucociliary differentiation [15] .
Infection of Air-Liquid Interface Cultures Human Bronchial

Epithelial Cells
In preliminary experiments, we found that the addition of 100 µL of a PBS-0.5% Tween 20 solution (the usual vehicle of the conidia suspension), or of BEGM alone on the apical aerial side of ALI-cultured HBECs, drastically reduced the transepithelial electric resistance and up-regulated the expression of different proinflammatory cytokines, such as interleukin (IL)-6 and IL-8 (data not shown). To avoid the detrimental effect of the aqueous solution on epithelial cell integrity, we developed a new model of infection using air-transported conidia ( Figure 1A ). In brief, the A fumigatus Ds-Red strain was grown in 12-well plates containing 2% malt agar for at least 1 week and inverted over the plate containing differentiated ALI-cultured HBECs. The inverted plate containing the conidia was gently tapped over the cells, releasing conidia on the surface of the epithelium in the absence of any vehicle. This mode of infection has the advantage to avoid any perturbation of the electrophysiological parameters of the epithelium and to mimic the natural mode of infection. To quantify the concentration of conidia per HBEC well, the apical side of the infected wells was gently washed with a 0.5% solution of Tween 20 in PBS, to harvest the totality of conidia. The amounts of conidia in suspensions were estimated by measuring optical density at a wavelength of 600 nm with a standard curve precalibrated with a range of conidial concentration between 10 4 and 10 7 conidia/mL. The airborne inoculum used in the current study corresponded to a concentration of 2.5 × 10 6 ± 1.4 × 10 6 conidia per well, ie, 2.2 × 10 4 conidia per mm 2 of the HBEC cell surface. To follow the kinetics of infection, a thin section (4 µm) of paraffin-embedded HBEC cultured under ALI condition was stained by a Gomori-Grocott conventional dye ( Figure 1B ).
Monolayer Epithelial Cell Cultures
Isolated HBECs (obtained as described above) were seeded in flasks coated with type I human collagen (VWR International SAS, Fontenay-sous-Bois, France), and they were cultured at 37°C in a humidified 5% CO 2 atmosphere in DMEM medium containing FCS, for the first 24 hours, then in bronchial epithelial basal medium, supplemented with 1:1000 BEGM SingleQuots (Lonza LTD). When 80% confluent, HBECs were detached and seeded at 3 × 10 4 cells/well onto 8-well µ-slides (iBidi; Biovalley, Nanterre, France), previously coated with type IV collagen (Sigma).
Infection of Epithelial Cell Monolayers With Aspergillus fumigatus
Resting DsRed conidia were harvested by washing a 4-dayold culture with PBS supplemented with 0.1% Tween 20. The suspension was filtered through a 40-μm cell strainer (Falcon; Fisher Scientific, Illkirch, France) to separate DsRed conidia from contaminating mycelium. The conidia were diluted in HBEC culture medium. Once cells reached confluence, cell monolayers were infected with a solution of 0.5 × 10 6 conidia per well and incubated at 37°C under 5% CO 2 for up to 24 hours. At the end of the infection procedure, media were recovered to assess lactate dehydrogenase (LDH) release, to measure cell death (n = 5). Results represented mean values of 5 experiments. This assay was conducted using the CytoTox-ONE Homogenous Membrane Integrity assay (Promega). Uninfected cells were used as controls.
Cytokine Measurements
The levels of IL-6 and IL-8 were measured in the basal medium of control or infected-differentiated HBECs using the Human Cytokine Antibody Array C1 kit (RayBiotech). Samples were incubated overnight onto membrane supports containing specific biotinylated antibodies, followed by streptavidin. Positive detection was revealed by chemoluminescence, and the images were taken and analyzed on a Syngene imager with GeneSys software.
Estimation of the Percentage of Cells Penetrated by a Germ Tube
Preliminary kinetics studies showed that the most appropriate time-point to follow the penetration of the ALI-differentiated HBECs by A fumigatus was 16 hours. To estimate the proportion of infected HBECs that were penetrated by germ tubes, infected cells were incubated for 30 to 60 minutes at room temperature with Alexa Fluor 488 Phalloidin (Molecular Probes, Life Technologies), diluted in a solution of PBS/1% BSA at 1:300. Nuclei were stained after an incubation of 30 minutes at room temperature with a solution of 4' ,6-diamidino-2-phenylindole ([DAPI] Sigma), diluted at 1:2500 in PBS. Wells were then washed with PBS, and tissue mounting medium (CC/Mount; Sigma) was added into the wells. The HBECs penetrated by conidia were defined by the presence of a germ tube and by an accumulation of actin surrounding the hyphae. Data are expressed as percentage of HBECs that were penetrated by conidia, after counting ≥200 cells in 100 randomly selected fields. Final results represented mean values of 3 experiments conducted with cell preparations from distinct donors. Immunofluorescence images were acquired with an axioObserver Z1 (Zeiss), equipped with an HXP120V source and an Orca Flash4.0 camera (Hamamatsu) with a Zen blue software (Zeiss).
Confocal Laser Scanning Microscopy
Sixteen hours after infection, cells were fixed for 2 hours at room temperature with a solution of 4% paraformaldehyde in PBS, washed with PBS, permeabilized in PBS/0.1% Tween 20, and blocked with PBS/1% BSA. To label actin, cells were incubated for 1½ hours at room temperature with Alexa Fluor 488 Phalloidin (Molecular Probes, Life Technologies) diluted in a solution of PBS/1% BSA at 1:300. To label nuclei, cells were incubated for 30 minutes at room temperature with DAPI (Sigma), diluted in a solution of PBS at a concentration of 0.4 µg/mL. Wells were then washed with PBS, and CC/Mount (Sigma) was added into the wells.
Samples were examined with a SP5 confocal microscope (Leica) and a LSM700 confocal microscope (Zeiss) using a ×63 1.4 oil immersion objective. Images were analyzed with the 3 dimensional-reconstruction software Imaris (Bitplane, Zurich, Switzerland). Pictures were deconvolved using the classic maximum likelihood algorithm of the Huygens software (SVI, Laapersveld, The Netherlands).
Electron Microscopy
For ultrastructural studies, noninfected and ALI-cultured (n = 3) A fumigatus-infected HBECs were fixed with 2.5% glutaraldehyde in PBS and postfixed with 1% osmium tetroxide. Samples were dehydrated through a graded series of ethanol and embedded in epoxy resin. Ultrathin (70 nm) sections (Ultracut UC6; Leica, Nanterre, France) were collected on formvar/carbon-coated copper grids. Sections were then poststained by aqueous 4% uranyl acetate and lead citrate. For immunolocalization, samples were prepared using the Tokuyasu method [16] . Cells were fixed with 4% paraformaldehyde in PBS, washed with PBS, and embedded in 10% gelatin. Cell pellets were then cut in small cubes and cryoprotected by infusion in 2.3-M sucrose at 4°C overnight. Sample cubes were mounted on specimen pin and plunge-frozen in liquid nitrogen. Ultrathin (55 nm) sections (Ultracut UC7-FC7; Leica) were collected on formvar/carbon-coated nickel grids. For immunolabeling, sections were blocked in PBS with 1% BSA and 0.1% Cold Water Fish Skin (CWFS) gelatin, incubated in rat antiactin antibodies (1:100 [MAC 237], ab50591; Abcam, Cambridge, UK), washed in PBS containing 1% BSA, and labeled with antirat 12-nm gold conjugate immunoglobulin G (1:50; Jackson ImmunoResearch, Cambridgeshire, UK), followed by washes in PBS and water and staining in a 1.8% uranyl acetate/0.4% methyl cellulose solution. Samples were observed in a Tecnai12 (FEI, Eindhoven, The Netherlands) transmission electron microscope (TEM) at 80 kV equipped with a 1K×1K Keen View camera.
RESULTS
Eight to 10 hours were necessary for conidia to germinate on the surface of ALI-cultured HBECs cells (data not shown). At 16 hours postinfection, germ tubes growing on the cell surface penetrated the ALI-cultured HBECs ( Figure 1B ). This penetration was accompanied by a local formation of a "ring" of actin around the hypha at the site of cell entry ( Figure 1C ) and by the release of the proinflammatory cytokines IL-6 and IL-8 (Supplementary Figure 1) . The same mechanism of infection was seen when HEBCs cultured as monolayers were infected for 16 hours with A fumigatus, with germ tubes observed both on the cell surface and inside the cells. In both experimental sets up, the percentage of dead cells was very low and was not significantly different from the controls (Supplementary Figure 1A) . The cellular penetration was not a rare event under our experimental conditions, because 15% ± 9% of the cells were penetrated by germ tubes (n = 3). Similar to ALI-cultured HBECs, this penetration was accompanied by a local formation of a tunnel of actin through which the hypha enters the cells (Figure 2) . The presence of actin surrounding the hyphae was illustrated by 3 orthogonal views obtained by confocal microscopy (Figure 2A ). Actin accumulation nearby the hypha was seen inside the cell near the epithelial cell membrane at the entrance, or the exit of the mycelium (Figure 2A , orthogonal [YZ] views 1 and 3), whereas there was only a thin intracellular layer of actin around the hypha (Figure 2A, view 2) . Left picture of Figure 2B illustrated hypha inside a cell surrounded by a thin layer of actin. The concentration of the actin surrounding the hypha was either thick and located at the site of penetration or exit of the epithelial cell membrane ( Figure 2B , white arrow heads), or it formed a thin layer surrounding the intracellular hypha ( Figure 2B, white arrow) . The invagination of the plasma membrane of the host cell suggested that the hypha used the osmotic pressure to penetrate or exit the host cell without disturbing the membrane. Figure 2C visualizes the tunnel used by the hypha to cross the HBECs and the intracellular actin structures supporting the tunnel formed. Inhibition of actin polymerization consecutively to the addition of 0.5-µM cytochalasin D prevented epithelial cell penetration by the hyphae (data not shown). Cross-sections of Epon-embedded material and TEM observations confirmed that the fungal hyphae were surrounded by the plasmic of epithelial cells ( Figure 3A) . Actin fibers were organized in bundles around the hypha with a conformation that was different from that of classic actin fibers of the cytoskeleton ( Figure 3A) . The presence of the actin fibers surrounding hypha penetrating or crossing HBECs was confirmed by immunogold experiments using an antiactin antibody ( Figure 3B ). Hence, gold particles, indicative of the presence of actin, were concentrated in high amounts around the hypha. Control experiments conducted with uninfected HBECs showed only very scarce and dispersed colloidal gold particles, whereas the labeling with the secondary antibody alone was negative (Supplementary Figure 2) . The ultrastructure of the HBECs, particularly the nuclear and chromatin organization penetrated by the hypha (also seen in confocal microscopy in Figures 1 and 2) , were normal, indicating that the crossing of HBECs by the hypha did not alter their viability, thereby supporting parallel findings showing failure of A fumigatus to promote significant LDH release during epithelial cell penetration (Supplementary Figure 1A) . However, the release of cytokines (Supplementary Figure 1B) indicated a cellular response of the epithelial cell against the invader.
In conclusion, the current study provides the first evidence of a new mechanism of infection developed by A fumigatus hypha to actively enter the airway epithelium through the formation of an actin tunnel without altering the viability of the penetrated cells.
DISCUSSION
Penetration of the airway epithelium by A fumigatus hypha to establish infection in the lung was poorly understood, and this was especially due to the important discrepancies noticed between the different earlier publications. The most common cited mechanism to explain epithelium crossing is the internalization of conidia by epithelial cell lines, followed by germination of the internalized conidia. Previous studies have shown that alveolar (A549), or bronchial (BEAS-2B and 16HBE14o − ), epithelial cell lines cultured as monolayers were able to internalize 30%-50% of encountered conidia [11, [17] [18] [19] . In contrast, using a murine model of experimental pulmonary aspergillosis, it was reported that conidia were not (or very rarely) internalized by the lung epithelium, although they were shown to be in contact with the epithelium [20] [21] [22] . Conflicting results have been also reported on the capacity of epithelial cells to kill the Images showing a section of the intracellular tunnel through which the fungus penetrates through epithelial cells; note the space between the fungus and the cell corresponding to the cell wall and in contact to the plasma membrane of the host cell. This is confirmed by the actin twists, which are located in the host cell. 1-blue is cytoplasmic stain (HCS CellMask Blue Stain) (cell membrane is delimited by white dots), 2-red is A fumigatus strain expressing DsRed, 3-green is phalloidin to localize actin, 4-merge of 1/2/3 pictures. 5 is a part of the 2 and 3 images merged, and 6 is another part of the images 1 and 3 merged. These images are representative of n = 3 cell preparations obtained by distincts human donors.
internalized conidia. For example, Wasylnka and Moore [11] have shown that the vast majority of the conidia were killed by A549 cells and that only 3% were able to survive and germinate. In contrast, using human primary nasal epithelial cells, Botterel et al [23] demonstrated that internalized conidia were not killed intracellularly, but that the germination of the conidia outside the epithelial cells was inhibited. Other studies suggested that the mechanisms allowing the fungus to enter the respiratory epithelium was (1) the disruption or disorganization of epithelial cell intercellular junctions by proteases or toxins or (2) the transport through the epithelium by dendritic cells [17, [23] [24] [25] [26] .
The discrepancies between the different findings reported in the literature and our current observations may be explained by the fact that most of these studies have been performed under different experimental conditions, from cell lines grown in vitro in a liquid environment, to primary cells in an ALI culture system, or in experimentally infected animals [20] . The responses of the respiratory cells may vary depending on the type of cells, mode of culture, and experimental conditions. For example, studies undertaken to date with ALI-differentiated HBECs used a conidial suspension in an aqueous-Tween solution, whereas we found that the use of such excipient was detrimental for cell cohesion. This could be at the origin of the discrepancies seen between our results and the previous data with primary animal or HBECs grown under ALI interface [10] , which have also been shown to be able to internalize conidia [10, 20, 22, 23] .
Our study describes a novel mechanism by which A fumigatus gains entry into HBECs by direct penetration of germ tubes without altering cell viability, by a mechanism requiring a complete reorganization of the host actin exoskeleton (Supplementary Figure 1) . The manipulation of actin by numerous microbial pathogens is not uncommon. Many important human pathogens either recruit host actin binding proteins or directly interact with actin [27] [28] [29] . Recruiting host actin nucleating proteins such as Arp2/3 has been recognized as a common mechanism for bacterial intracellular entry with surface molecules triggering the formation of adapted actin structure. In the case of A fumigatus, sensing of the cell wall molecules may trigger the formation of actin tunnels in the host epithelial cells. It has been reported that the colonization of a cell line by A fumigatus occurred in a cell wall-dependent manner, via the Dectin-1 receptor [17] . Similar to our current observations with A fumigatus, actin-dependent endocytosis, or active penetration, are the main mechanisms that have been described so far for explaining the invasion of epithelial cells by Candida albicans [30] . In both cases, when C albicans enters the cells, the actin cytoskeleton is reorganized. In addition, it was shown that C albicans forms pseudohyphae inside human epithelial and endothelial cells, without apparent morphological changes of the host cells or modification of the monolayer integrity [31, 32] . It remains to be investigated whether, as shown in C albicans, during this internalization of A fumigatus hyphae, clathrin, dynamin, vinculin, and cortactin are recruited together with actin and E-or N-cadherin at the site of hyphae entry and exit [33] . Using A549 cells, Xu et al [34] have already demonstrated that E-cadherin can interact with A fumigatus.
CONCLUSIONS
This is the first evidence of an active mechanism implemented by A fumigatus hyphae to penetrate the airway epithelium. This study also showed the interest of using primary lung epithelial cells instead of cell lines because the behavior of A fumigatus in presence of primary epithelial cells is very different from immortalized cancer cells. The ALI-cultured epithelial cells, in contrast to cell lines, do not phagocytose conidia (data not shown). The transepithelial infection with actin recruitment, which appears to be the only (or at least the major) way by which A fumigatus cross the lung epithelium, has only been discovered using HBECs. This study suggests that the penetration of the epithelial cell by hyphae occurs in 3 steps in which the germ tubes initially adhere to the epithelial cell surface, possibly through the interaction with galactosaminogalactan on the hyphal surface [35] . This adhesion is then followed by the application of the intracellular fungal osmotic pressure on the epithelial cells [36] and by their recognition of the fungal cell wall components and sensing of the penetration. These events lead to the polymerization of actin, which allows the fungus to enter the cells without perturbing the integrity of the epithelial barrier and in the absence of any cytotoxicity. These events may occur in immunocompetent individuals and may be favored in immunocompromised patients with mucositis. The effector proteins targeting actin in the host airway epithelial cells remain to be identified.
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